P eriodic breathing (PB), repetitive short cycles of respiratory pauses and breathing, is a normal physiologic breathing pattern that occurs during sleep in most newborns (1, 2) . Although publications characterizing PB in infants in the neonatal intensive care unit (NICU) began to appear more than a half century ago (3, 4) , our understanding of the epidemiology and associations with this breathing pattern remain incomplete, in part due to the complexity of analyzing breathing in sufficiently large numbers of infants over long periods of time.
PB is known to be distinct from apnea of prematurity (AOP) in that it occurs in term as well as preterm infants, peaks later, and lasts longer (2, 5) . It typically appears in the second week after birth, peaks at several weeks of age, then decreases but may continue for up to 6 mo or longer (2, 6) . In contrast, AOP begins within a day or two after birth, gradually diminishes as preterm infants mature, and usually resolves around [36] [37] [38] [39] [40] wk' postmenstrual age (PMA) (7) . Both immature breathing patterns are thought to reflect altered sensitivity of chemoreceptors to changes in blood oxygen and carbon dioxide content (8) (9) (10) (11) (12) (13) , with increased "gain" in the receptors identified as a major contributing factor to the oscillations between short apneic pauses and breathing characteristic of PB. AOP is often associated with a significant decline in heart rate (HR) and oxygen saturation (SpO 2 ) leading to "ABD" events (apnea, bradycardia, desaturation) experienced by nearly all very preterm infants while in the NICU. In PB the short apneic pauses may be associated with small declines in HR or SpO 2 but usually not to a level that would trigger bedside monitor alarms (14) (15) (16) . Although PB has historically been considered to be benign and not requiring treatment, a recent study reported a decline in cerebral oxygenation in a small number of preterm infants during the apneic phase of PB, highlighting the need for further studies into the course and consequences of PB (17) .
Physiologic PB is not seen in healthy children or adults except with exposure to acute hypoxia on ascending to high altitude (18) . Pathologic forms of PB occur in adults with acute or chronic illness, including Cheyne-Stokes respiration in congestive heart failure (19) , and central PB following brain injury such as stroke (20) . These forms of PB are linked to poor outcomes and mortality (21, 22) . The mechanisms of pathology associated PB in adults are not known with certainty, but mathematical modeling and some physiologic studies in animals and humans have implicated increased loop gain (abnormal chemoreceptor sensitivity or prolonged circulatory time from lung to chemoreceptors) (23) (24) (25) . In neonates, pathologic PB has not been well described. We observed a number of cases in which infants spent an extremely large proportion of time in PB either acutely (hours) or chronically (weeks) and subsequently experienced adverse events (26) , and we therefore sought to study PB in a comprehensive way.
Prior studies of PB have been limited by constraints in ability to store and analyze large amounts of cardiorespiratory data, but recent advances in data acquisition, storage, and processing
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The goals of the current study were to use our automated system for detecting PB to quantify physiologic PB in a large cohort of preterm infants <35 wk' gestation throughout their entire NICU course and to identify clinical correlates of extreme PB in order to begin to understand pathology-associated PB in neonates.
RESULTS

Demographics and Quantitation of PB
In the 5-year study period, 1,372 infants <35 wk' gestation were admitted to the University of Virginia NICU, and some chest impedance waveform data were available for analysis in1,268 infants. Of these, 57 were excluded because they had no chest impedance data off mechanical ventilation and prior to term PMA, either due to death or transfer from our unit. Demographics and type of respiratory support throughout the NICU stay are shown in the companion paper on apnea (Fairchild et al., (27) ). Gestational age distribution of the 1,211 infants with PB analyzed was 190 infants <27 wk GA, 297 from 27-30 wk GA, and 724 infants from 31-34 wk GA.
Median number of days analyzed per infant was 15 (25th-75th percentile 7-34 d) which corresponds to approximately 53 infant-years of data. Figure 1 is a graphic representation of PB, with repetitive respiratory pause/breath cycles in both the unfiltered and filtered (motion and cardiac artifact removed) chest impedance waveforms. The respiratory pauses in PB sometimes lead to declines in heart rate and/or oxygen saturation, as shown in Figure 1b . Figure 2 shows a heat map representation of mean daily %PB for each week of GA and PMA, with warmer colors indicating higher PB peaking at about 5% around 2-4 wk' chronologic age for infants of higher GA. Percentage of time spent in PB generally increases with gestational age, with infants <27 wk GA spending, on average, only about 1% of the time in PB.
Clinical Associations With Extreme PB
Extreme PB, defined as at least one 12-h episode with z-score >6 and >10% time spent in PB, was identified in 76 infants. Table 1 compares the clinical characteristics of infants with and without extreme PB. Medical records were reviewed to identify clinical events corresponding to the 12 h extreme PB episode with the highest z-score for each of these 76 infants. Suspected or proven infection or necrotizing enterocolitis (NEC) occurred within 24 hours of the extreme PB episode in 11 cases (14%), immunizations or surgery within 24 hours prior in 12 cases (16%), and discontinuation of caffeine within 8 d prior in 11 cases (14%) (Figure 3) . We also randomly selected 76 GA-matched infants with PMA-matched time periods not demonstrating extreme PB. On medical record review, we identified suspected or proven infection or NEC within 24 h in 2 cases (2.6%), surgery or immunizations within 24 h in 5 cases (6.6%), and discontinuation of caffeine within 8 d prior in 6 cases (7.9%). Thus, clinical conditions were significantly more likely to be identified around times of extreme PB (34/76 or 45%) compared to times of no extreme PB (13/76 or 17%; P < 0.001).
Of note, one infant with extreme PB died of sudden infant death syndrome (SIDS) 5 wk after NICU discharge. We reviewed matched birth/death certificates for the state of Virginia during the date range of the study, and this was the only preterm infant discharged from the UVA NICU known to have died of SIDS. We previously reported that this infant spent over fivefold more time in PB throughout her NICU stay compared to the average for all other 32 wk GA infants (26) .
Figure 1
Periodic breathing examples. Chest impedance waveform data from NICU bedside monitors were analyzed for PB. Graphic representations are shown of 2 min of vital sign and waveform data. From top to bottom: heart rate (HR with 100 beats/min indicated by the thin green line), oxygen saturation (SpO 2 with 80% indicated by the thin blue line), chest impedance (CI), filtered chest impedance (FCI), and computer algorithm-detected probability of apnea based on low variance in the filtered CI signal as previously reported (27) . A wavelet transform analysis of short apneic pauses was previously validated for automated analysis of %time spent in PB (26) . (a) Example of periodic breathing without significant changes in heart rate or SpO 2 . (b) Example of periodic breathing with decreases in heart rate and SpO 2 corresponding to the respiratory pauses. Articles Patel et al.
Increased PB in Infants With NEC and Septicemia
Since the extreme PB analysis identified suspected or proven infection-related illnesses as being temporally associated with a high percentage of time spent in PB, we identified all cases of late-onset septicemia (LOS) and NEC to determine whether infants demonstrated an increase in PB in the day prior to diagnosis over their prior day's baseline. There were 28 cases of LOS and 21 cases of NEC in infants not on a ventilator and with chest impedance data available for PB analysis at least 50% of the time in the 2 d leading up to diagnosis. Figure 4 shows %PB 2 d compared to 1 d prior to diagnosis. A >2-fold increase in PB occurred in the 24-h period prior to diagnosis in10 out of 21 cases of NEC (48%) and 8 out of 28 cases of LOS (29%).
Incidence and Timing of PB Relative to AOP
We used our automated apnea detection system (28) to quantify central AOP in the same 1,211 infants on whom PB analysis was performed. "ABD" events, central apnea events lasting at least 10 s and with associated bradycardia (<100 beats/ min) and oxygen desaturation (SpO 2 < 80%), were measured. Figure 5 shows the relative incidence and timing of PB compared with AOP, from 26 to 36 wk PMA. PB occurs in nearly all preterm infants at all GA, whereas AOP is less common among higher GA preterm infants. PB tends to appear a week after birth, peaks at several weeks of age, and then gradually declines but persists beyond NICU discharge. In contrast, AOP begins shortly after birth and declines steadily after 30 wk PMA. Although significant events requiring intervention typically resolve near term corrected age, we found that short ABD10 events persist in some infants near the time of NICU discharge (see companion paper, Fairchild et al., (27) ).
Figure 2
Percentage of time spent in PB per day of data, based on gestational and postmenstrual age. PB was analyzed during all times that chest impedance data were available and infants were not on mechanical ventilation for all infants <35 wk' GA (n = 1,211 
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Articles DISCUSSION This is the largest analysis of PB in infants to date, made possible through automated analysis of chest impedance waveforms throughout the NICU stay. The important findings are that preterm infants with higher GA spend more time in PB and that in some infants extreme PB or an abrupt increase over baseline was associated with illness, stress, or adverse events. This latter finding could have implications for predictive monitoring and early warning systems for hospitalized preterm infants.
Distinguishing Features of Periodic Breathing Compared to AOP
We found that PB is distinct from AOP in a number of ways, consistent with findings in other published studies (2, 29) . Among 1,211 infants of <35 wk' gestation, nearly all had some PB. Infants born at 30-34 wk' gestation exhibited the highest proportion of time in PB (on average about 5%), whereas infants with <27 wk' GA spent <2% of the time in PB. PB tends to peak several weeks after birth and persists at NICU discharge. In contrast, AOP is more common and more severe in extremely low GA infants, begins shortly after birth, declines with advancing PMA, and typically resolves between 36 and 40 wk' PMA (see Figure 5 and companion paper on AOP). Others have reported that PB is more common in preterm compared to term infants, but these studies included very few extremely preterm infants (29, 30) . Our data indicate that the proportion of time spent in PB follows an inverted U-shaped curve with respect to GA, with later preterm infants spending more time in this immature breathing pattern compared to extremely preterm or term infants. The PB analyses we report are purely quantitative, and an important next step will be to perform both qualitative and quantitative analyses, including measuring the PB cycle duration, ratio of time in apnea relative to breathing, and respiratory rate and architecture of the breathing cycle (spindle, decrescendo, presence of a sigh breath at the beginning or end). These features may be important in determining whether PB is typical or atypical (29, 31, 32) , and if atypical whether it is linked to adverse events. Further studies are also needed to determine whether decreases in heart rate and oxygen saturation that are sometimes seen with the apneic phase of PB are associated with adverse neurologic outcomes or other morbidities.
Mechanisms of PB in Neonates
The mechanism of PB in preterm infants is purported to be heightened sensitivity or gain in chemoreceptors, resulting in overcompensation for small changes in PaO 2 or PaCO 2 and oscillation between brief periods of tachypnea and apnea (11, 25, 33, 34) . At birth, peripheral chemoreceptors are silenced due to the sudden increase from fetal to neonatal blood oxygen levels (12) . In the first weeks after birth, these receptors regain their sensitivity to hypoxia, coincident with the emergence and peak of PB. Central chemoreceptors have also been reported to play a role in PB, with studies showing that the threshold for CO 2 responsiveness is narrower in neonates compared to adults. In a study of preterm and term neonates, the difference between apneic and eupneic CO 2 thresholds was about 1 Torr, in contrast to adults with a difference of about 3.5 Torr, which might partially account for neonates' tendency to oscillate between apnea and breathing (33, 35) .
Our observation that extremely preterm infants have less PB than higher GA preterm infants may be due to use of continuous positive airway pressure and caffeine which limit PB (36, 37) . Most extremely preterm infants are receiving these therapies at 2-4 weeks' chronologic age when chemoreceptors have the highest gain which is thought to increase PB. We did not see an overall increase in PB in these infants at later PMAs when continuous positive airway pressure and caffeine are stopped, but we did find several infants with an acute increase in PB after caffeine discontinuation. Sleep state maturation may also play a role, since PB occurs predominately during quiet sleep which constitutes a smaller fraction of total sleep time at earlier PMAs.
Associations With Extreme PB
After establishing normative data we sought to determine clinical associations with extreme PB. A major impetus for this investigation was the death of two infants from our Articles Patel et al.
NICU who, on retrospective review, spent a surprisingly large amount of time in PB. One was a 32-wk infant who died of SIDS shortly after NICU discharge. As we previously reported, this otherwise healthy infant was recognized, retrospectively, to have spent over fivefold more time in PB throughout the NICU stay compared to the average of all GA-matched infants, yet had an uncomplicated NICU course and no AOP documented in the medical record (26) . Other studies have found that infants with apparent life-threatening events and siblings of infants that died of SIDS spend more time in PB compared to age-matched controls (38) (39) (40) . SIDS is a rare and multifactorial event, and, practically speaking, we would estimate that analysis of chest impedance and vital sign data from about 300,000 infants <35 wk' gestation through their NICU stay would be required to determine whether a particular respiratory or cardiorespiratory pattern is associated with SIDS. We found extreme PB in some infants prior to diagnosis of septicemia and NEC. In one case, an infant experienced a >10-fold increase in PB over her prior baseline (from <5 to >50% of the time in PB) up to 18 h before she acutely decompensated and died of suspected sepsis. This was an exceptional case, but we did find a substantial number of infants with septicemia or NEC who experienced at least a twofold increase in %PB in the day before diagnosis compared to their prior baseline. The increase in PB was more pronounced in cases of NEC than in LOS which may be due, in part, to the fact that NEC occurred in infants of higher GA and at later PMA, when PB tends to peak. Increased apneic spells have been described around the time of sepsis in preterm infants, likely in part due to cytokine-mediated release of prostaglandins which bind to receptors in respiratory centers of the brainstem and reduce respiratory drive (41) (42) (43) . Further studies are warranted to determine whether realtime analysis and display of apnea and PB indices at the bedside is feasible, cost effective, and improves outcomes by identifying preterm NICU patients in the early stages of potentially catastrophic illnesses.
While some instances of extreme PB were associated with adverse events, others had no apparent clinical correlate or were temporally associated with administration of immunizations. Several studies have reported increased cardiorespiratory events in preterm infants after immunizations, but others have not found this association, which may reflect different maturational stages at the time of administration, different vaccine combinations, or variations in methods for assessing apnea (44) (45) (46) . Nevertheless, it is quite possible that even a relatively minor stress such as immunizations may destabilize preterm infants causing them to revert to immature breathing patterns of apnea or PB. 
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Conclusion
While PB is a normal immature breathing pattern for neonates, excessive PB, or an abrupt increase over prior baseline warrants consideration for potential pathology. It remains to be determined whether quantitative and qualitative analysis of PB during the NICU stay can identify infants at high risk for adverse events who might benefit from preemptive therapies.
METHODS
Study Population and Clinical Data Collection
The University of Virginia Institutional Review Board approved the study which included all infants <35 wk' gestation admitted to the UVa Neonatal Intensive Care Unit from January 2009 to March 2014. The study was purely observational and data were deidentified, therefore consent was waived. Decisions about clinical care including respiratory support were made by the medical team without knowledge of algorithm-detected apnea or PB. Generally, caffeine was given to all infants until they reached at least 32 wk' PMA and were having few or no events requiring intervention. Infants were generally transitioned from continuous positive airway pressure to high and then low flow nasal cannula oxygen, and SpO 2 target range was 88-95% for infants on supplemental oxygen. Medical records were reviewed for demographic variables, mortality and morbidities, and clinical events. Late-onset septicemia was defined as signs of sepsis >3 d from birth, positive blood culture and a minimum of 5 days of antibiotic therapy. NEC was defined as clinical abdominal signs with radiographic presence of pneumatosis, portal venous air or pneumoperitoneum, or the need for surgery. Cases of NEC with associated septicemia were classified as NEC alone. Severe intraventricular hemorrhage was defined as grade III-IV, and bronchopulmonary dysplasia was defined as requirement for supplemental oxygen at 36 wk' PMA.
Monitor Data Collection and Periodic Breathing Analysis
Bedside monitor waveform and vital sign data, collected continuously on all infants in the NICU were stored for analysis using the BedMaster central network server (Excel Medical, Jupiter, FL). Waveform data included chest impedance collected at 60 Hz and three leads of electrocardiogram collected at 240 Hz. Vital sign data included every 2 s (0.5 Hz) heart rate, respiratory rate, and oxygen saturation (SpO 2 ). SpO 2 averaging time was 8 s.
We used our automated apnea detection system to analyze chest impedance signals and detect brief apneic pauses (28, 27) . As previously reported, a wavelet transformation was performed to identify PB as ≥ 3 respiratory pause/breath cycles of duration 10-40 s. Clinicians independently reviewed chest impedance and vital signs, and a wavelet coefficient of 0.6 was determined to detect PB with 96% sensitivity and 90% specificity and to distinguish PB from irregular clusters of apnea (26) .
Percent of time in PB (%PB) was calculated hourly for all times when chest impedance data were available and infants were not on mechanical ventilation. Mean %PB for each week of GA and PMA were analyzed for the population to construct a heat map. We identified extreme periodic breathing as 12-h periods in which there were at least 6 h of data available for analysis and the %PB was >10% and more than 6 SDs above the mean for GA and PMA (z-score > 6). We also randomly selected a control group of the same number of infants without extreme PB, matched for GA and PMA. Medical records were reviewed around time periods with and without extreme PB for the following events: suspected or proven LOS or NEC within 24 h, surgery or immunizations within 24 h prior, and caffeine discontinued within 8 d prior.
To compare PB to apnea of prematurity (AOP) in the same infants over the same time periods, we also analyzed central apnea events lasting at least 10 s and associated with bradycardia < 100 beats/min and desaturation with SpO2 <80% (ABD10), using a previously validated algorithm (28). This analysis is described in a companion paper (Fairchild et al., (27) ).
Statistical Analysis
Characteristics and outcomes of infants with and without extreme PB were compared using rank sum or Fischer exact tests for continuous or categorical variables, respectively. Amount of PB in the 2 d prior to septicemia or NEC diagnosis was compared using a signed rank test. Two-tailed significance was set at P < 0.05, and analyses were performed in MATLAB (Mathworks, Natick, MA).
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